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A multilayer GaAs/AlAs heterostructure forming a Fabry–Perot microcavity with a narrow reso-
nance at 1.1 µm was produced by molecular-beam epitaxy. Under nanosecond pulsed laser radiation,
a blue shift of the resonant line, associated with a photo-induced negative change in refractive index
in GaAs, was experimentally registered by using an optical parametric oscillator. The spectral shift
was accompanied by a reduction in peak transmittance, associated with nonlinear intracavity ab-
sorption. Such a cavity can be used as an optical limiter at the resonant wavelength when both the
spectral shift and the transmittance reduction contribute to the limiting effect. An exceptionally
low limiting threshold of about 1 mJ/cm2 was observed in the experiment.
I. INTRODUCTION
Nonlinear Fabry–Perot resonators have been the sub-
ject of great interest since the 1970s as promising opti-
cal computing elements [1, 2]. Whereas initially large
conventional resonators, in which the distance between
the two mirrors far exceeds the wavelength, were un-
der consideration, solid optical microcavities now seem
to be quite applicable in optical systems and optoelec-
tronics [3]. Microcavity mirrors are typically formed by
alternating layers of dielectric or semiconducting media
with different refractive indices so that a microcavity in
whole represents a one-dimensional photonic crystal with
a defect. The first observation of optical bistability in a
thin-film multilayer resonator was reported at least as
early as in 1978 [4]. Semiconductor microcavities are of
particular interest owing to a variety of strong optical
nonlinearities and very high structural perfection pro-
vided by molecular-beam epitaxy [5].
Besides optical data processing, the main purpose of
optical limiting is to protect optical sensors from ex-
cessively powerful laser pulses that may cause damage.
There have been many different approaches to develop-
ing optical limiters since the 1970s [6, 7]. Nevertheless,
there is still a lack of optical limiters applicable to protec-
tion of optical sensors. The problem is that the principles
of optical limiters are based on various nonlinear optical
effects, all of which require relatively high light intensity.
As a result, in the majority of cases a limiter starts to
reduce its transmittance at a level of incident intensity
that is much higher than that needed for protection of
the optical sensor. Consequently, one of the main tasks
in development of optical limiters is to reduce the optical
limiting threshold. This is a challenging task given that
an optical limiter should not significantly reduce desired
signals so that the initial transmission should be as close
to 100% as possible.
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The present paper is devoted to the limiting of sin-
gle nanosecond pulses, which are typical for Q-switched
lasers. As far as 1992 the limiting threshold of
∼ 0.1 J/cm2 was reported for fullerene solutions, using
8-ns pulses at 532 nm [8]. Today’s representative values
of limiting threshold in various composite materials pro-
viding nonlinear absorption or nonlinear scattering are
still in the range 0.1–1 J/cm2 under nanosecond pulses
for visible and near-infrared radiation [9–11]. Moreover,
most studies deal with solutions, while for practical ap-
plications rather solid forms are desirable.
A leap forward was made with graphene-polymer films,
in which the optical limiting behaviour is associated with
a novel reverse saturable absorption mechanism. The
threshold of ∼0.01 J/cm2 under 3.5-ns pulses at both
532 and 1064 nm for a 2-µm-thick film was reported in
2011, providing a new benchmark for the broadband op-
tical limiting [12]. A comparable result, the threshold of
∼0.01 J/cm2 under 16 ns pulses at 532 nm, has been ob-
tained with a solution of a phthalocyanine J-type dimeric
complex of Zn very recently [13].
Many works involve ultrashort pulses where thresholds
in terms of fluence are much lower but in terms of peak
intensity are much higher. Attempting to extrapolate
results obtained with pico- or femtosecond lasers to the
nanosecond field would be inappropriate because usually
different nonlinear mechanisms are involved at different
pulse durations.
A nonlinear Fabry–Perot cavity acts as an optical
limiter at its resonant wavelength when the intracavity
medium changes its refractive index or increases its ab-
sorption under irradiation. A nonlinear microcavity can
have a much lower limiting threshold compared with a
bulk material for two reasons. Firstly, at the resonant
wavelength, the electromagnetic field is localized within
the cavity so that the intracavity intensity is much higher
than the external intensity. Secondly, the cavity is a
narrow-band optical filter and its resonant line of trans-
mittance is highly sensitive to any change in the intra-
cavity medium optical parameters. A small change in
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2refractive index leads to a significant spectral shift of the
line while a small additional absorption within the cav-
ity leads to a significant peak transmittance reduction.
The optical limiting characteristics of Fabry–Perot mi-
crocavities in the simplest case of third-order nonlinear
absorption and refraction of the intracavity medium have
been considered in detail in [14].
Of course, there is a principal restriction connected
with the fact that a resonator has a narrow resonant line
of transmission. This means that a resonator can be used
as a limiter only at this particular wavelength while all
radiation in the vicinity of this wavelength is reflected.
However, there does exist a class of active laser systems
as optical detection and ranging systems to which such
a limiter can be applicable. It is also noteworthy that in
the earliest proposal of an optical power limiter in 1962
a nonlinear Fabry–Perot resonator was considered as an
ideal reflective limiter[15].
There are a few recent works experimentally demon-
strating optical limiting performance of thin-film res-
onators [16–19]. In [16] and [17], microcavities were
made of dielectric layers by vacuum evaporation with
Nb2O5 and ZnO, respectively, as nonlinear intracavity
media. In both works, the limiting characteristics were
measured at 532 nm under 5–7 ns pulses. Different re-
sults were obtained though: in [16], a limiting thresh-
old of ∼ 5× 10−3 J/cm2 with 75% of initial transmission
was observed, while the authors of [17] claim a threshold
0.74 J/cm2 with only 6% of initial transmission. In [16]
it was also shown experimentally that the decrease in
transmittance accompanies a respective increase in re-
flectance.
In [19], a microcavity with an amorphous GaAs layer
placed between its dielectric mirrors was fabricated by
plasma-enhanced chemical vapour deposition. The au-
thors got a resonant line at ∼ 1.6 µm with 50% of initial
transmission. Usage of GaAs as a nonlinear intracav-
ity medium for near-infrared radiation makes this work
seem similar to the presented paper; however, in [19], the
nonlinear characteristics of the cavity were studied under
a completely different laser irradiation (150-fs pulses at
1 kHz). As well as in the present paper, in [19], trans-
mittance spectra under low-intensity and high-intensity
radiation were measured, and a slight broadening of the
transmittance line was observed with no spectral shift.
At the resonant wavelength, a great reduction in trans-
mittance accompanied by a corresponding growth in re-
flectance was observed. The authors evaluated the lim-
iting threshold as 25 GW/cm2 in terms of peak in-
tensity. In terms of the single pulse fluence, this is
∼ 3× 10−3 J/cm2, which is of the same order of mag-
nitude as the value reported in the present paper.
II. MICROCAVITY STRUCTURE
The multilayer GaAs/AlAs heterostructure was grown
by molecular-beam epitaxy on a GaAs substrate using
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Figure 1. Scheme of the GaAs/AlAs heterostructure micro-
cavity.
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Figure 2. Measured and calculated transmission spectra of
the GaAs/AlAs heterostructure.
the Riber 21 system. The whole structure consists of 52
alternating layers, as shown in Fig. 1, and forms a Fabry–
Perot microcavity with a resonance at λ0 = 1116.8 nm.
The value of λ0 is double optical thickness of the middle
GaAs layer. The refractive indices of GaAs and AlAs at
1.1 µm at room temperature are 3.49 and 2.95, respec-
tively [20, 21]. This means that the geometrical thick-
nesses of the λ/4 layers are 76.2 nm (GaAs) and 90.1 nm
(AlAs) while the intracavity layer of GaAs is 152.4 nm.
The transmittance spectrum of the heterostructure
was measured by Shimadzu UV-3600 spectrophotometer
and is presented in Fig. 2. The initial transmission at the
resonant wavelength is about half of what it was expected
by calculation, presumably owing to some inaccuracy in
polishing of the substrate. It should be noted that the
backside of the substrate was not bloomed and 30% in-
coherent reflectance at the GaAs–Air interface plays a
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Figure 3. Dependence of the Bragg mirror reflectance on the
number of layer pairs for GaAs/AlxGa1−xAs at x = 1 and
x = 0.5. For better readability of reflectance close to unity,
(1−R) instead of R is used as the ordinate.
role. A good agreement in extrema positions between
the measured and the calculated spectra verifies the lay-
ers’ thicknesses though.
The upper mirror (bordering with air) of the sample
includes 13 layer periods and has 98.6% reflectance. The
lower mirror consists of 12.5 layer periods as the last
GaAs layer would be inessential on a GaAs substrate.
The reflectance of the lower mirror is 95% (incoherent re-
flection on the substrate–air interface is set aside). Gen-
erally, more layers from the substrate side would give a
transmittance value close to that from the air side and
consequently almost 100% of transmittance at λ0. The
substrate–air interface needs blooming though to avoid
transmittance reduction through the incoherent reflec-
tion.
Figure 3 shows the dependence of the GaAs/AlAs mul-
tilayer mirror reflectance on the number of λ/4 layers
(where half-infinite air from the GaAs side and half-
infinite GaAs from the AlAs side are assumed). To
illustrate the importance of the refractive index con-
trast between the layers, the same dependence is shown
for GaAs/Al0.5Ga0.5As mirrors. The refractive index of
Al0.5Ga0.5As is 3.23, which is exactly midway between
that of AlAs and GaAs [20, 21]. For example, a 28-layer
(i.e., consisting of 14 pairs) GaAs/AlAs mirror has a re-
flectance of 99% whereas the same number of layers of
GaAs/Al0.5Ga0.5As gives only 90% reflectance.
Figure 4 shows the calculated intensity distribution
within the sample at λ0 when no nonlinearity is in ac-
tion. Here the layers are depicted as vertical. The het-
erostructure is illuminated normally from the air side and
the substrate is assumed to be semi-infinite. The calcu-
lated transmittance at λ0 is 69%. As shown in the figure,
the intensity in the loops of the standing wave within the
cavity is a factor of 80 higher than the output intensity.
This corresponds to 95% reflectance of the output mir-
ror since the peak intracavity intensity Imax obeys the
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Figure 4. Light intensity distribution as the ratio of lo-
cal intensity I to output intensity Iout within the 52-layer
GaAs/AlAs microcavity at the resonant wavelength. The
grey colour indicates GaAs layers, the white — AlAs layers.
relation
Imax =
4Iout
1−Rout , (1)
where Iout is the output intensity and Rout is the re-
flectance of the output mirror.
The GaAs and AlAs energy gaps are 1.42 and 2.16 eV,
respectively, while the photon energy at λ0 = 1117 nm
is 1.11 eV. Therefore, both materials are transparent at
λ0 but two-photon absorption (2PA) in GaAs can be suf-
ficient to make the microcavity optically nonlinear for
short pulses. 2PA in GaAs at ∼ 1.1 µm has been studied
in many works; it can be assumed with confidence that
2PA coefficient β = 25 cm/GW [22].
III. EXPERIMENTAL RESULTS AND
DISCUSSION
By using an optical parametric oscillator (OPO),
changes of the transparency line of the microcavity under
pulsed laser radiation were registered. The scheme of the
experiment is presented in Fig. 5. The OPO was pumped
by 10-ns pulses at 355 nm and the sample was irradiated
by single pulses of the same duration in a small vicinity
of the resonant wavelength. The beam was focused by a
60 mm focal length lens on the sample so that the area
encircling 86% of the pulse energy was ∼ 10−3 cm2. This
estimation results from the fact that 75% of the pulse en-
ergy went through a 0.3-mm aperture and the assumption
that the focal spot was Gaussian. The energy of incident
pulses was varied over a wide range by a set of absorb-
ing glasses. The absorbing glasses were placed before
the focusing lens where the laser beam was 8-mm wide,
therefore no nonlinear effect was possible within them.
In the course of the experiment, at a fixed level of in-
cident pulse energy the wavelength was varied by OPO
in a small vicinity of the resonant wavelength. Obtained
contours of the resonant transmission line at four differ-
ent values of pulse energy are presented in Fig. 6a. The
4OPO
D1 F sample
wedge
D2
Nd:YAG
355 nm
lens
Figure 5. Scheme of the nonlinear transmission measure-
ments. OPO: optical parametric oscillator; D1, D2: laser
pulse energy meters; F: set of grey glasses.
Table I. Approximation parameters for Fig. 6a in accordance
with (2). wblue and wred relate to the areas λ < λ0 and λ > λ0
correspondingly.
Epulse (µJ) T0 λ0 (nm) wblue (nm) wred (nm)
0.005 0.32 1116.8 2.45 2.3
4 0.306 1116.15 2.2 2.45
17 0.226 1115.5 3.0 3.5
45 0.19 1114.85 3.7 4.3
plotted points correspond directly to the experimental
data while the solid lines are their approximations by
the Lorentz function
T = T0
(
1 +
(
λ− λ0
w
)2)−2
, (2)
where the width parameter w is different for the left and
right sides (λ < λ0 and λ > λ0 areas); i.e., the contours
are asymmetric. The parameters of the approximating
contours are presented in Table I. It can be summarized
that with increasing pulse energy the resonant line gets
lower, wider and more asymmetric.
In relation to the limiting effect, Fig. 6a shows that
at 4 µJ the decrease in peak transmittance was small
(from 32% to 30.6%). At the same time, the spectral
shift of ∼ 0.65 nm decreased the transmittance at the
initially resonant wavelength (λ0 = 1116.8 nm) to 27%.
At higher pulse energies (17 and 45 µJ), the transmit-
tance reduction at λ0 is also mainly associated with the
spectral shift rather than with the peak transmittance
reduction.
In the next experiment with the same setup, the opti-
cal limiting characteristic at λ0 was obtained (Fig. 6b).
The limiting threshold, at which the transmittance starts
to go down, can be estimated at 10−3 J/cm2. For com-
parison, associated with 2PA and consequent free-carrier
absorption optical limiting in bulk InP (InP has similar
to GaAs band gap, 2PA-coefficient and free-carrier ab-
sorption cross-section) would give the threshold of ∼ 0.1
J/cm2 under 10-ns pulses at 1.1 µm [23]. The depen-
dence of peak transmittance on pulse energy, retrieved
from the experiment with varying wavelength (Fig. 6a),
is also shown in Fig. 6b to additionally illustrate rela-
tive contribution of the spectral shift to the decrease in
transmittance at λ0.
While measuring, the sample was not moved relative
to the laser spot, i.e., always the same area of the sam-
ple was irradiated. However, the laser pulses were sin-
gle (button-activated) and went with intervals of at least
1 s. Under these conditions, no cumulative effect was
expected and observed: the transmittance fell with in-
creasing pulse energy and rose back to its initial value
with decreasing pulse energy. Furthermore, no optical
damage occurred within the energy range presented in
Fig. 6b. A higher energy would cause a breakdown, vis-
ible on the surface, which was previously determined in
another area of the sample.
Generally, peak transmittance reduction results from
nonlinear growth of intracavity absorption. Under
nanosecond pulses, both 2PA itself and additional ab-
sorption of 2PA-generated free carriers play a role [23,
24]. The blue spectral shift results from a negative
change in the real refractive index of the intracavity
layer. This change is proportional to the spatial den-
sity of photo-induced free carriers with the coefficient
σr ' 7 · 10−21 cm3 [22]. Free carriers can be generated
as a result of either 2PA or residual linear absorption by
impurities in GaAs.
The rate of free carrier generation in the presence of
linear absorption and 2PA is defined by the equation
dN
dt
=
I
hν
(
α+
βI
2
)
, (3)
where N is free carrier concentration, I is field intensity,
α is linear index of absorption and β is 2PA-coefficient.
For GaAs at 1.1 µm β = 25 cm/GW [22].
The peak intensity within the cavity at the limiting
threshold can be roughly calculated as
Ipeak = 80
10−3 J/cm2
10−8s
= 8 · 106 W/cm2, (4)
where the factor 80 is the field enhancement factor taken
from Fig. 4, 10−3 J/cm2 is the limiting threshold value
and 10−8 s is the pulse duration. Thus, the second term
in (3) can be estimated as
βI
2
' 0.1 cm−1. (5)
As it was shown by the present experiment, under
nanosecond pulses optical limiting in the cavity with pure
GaAs is mainly related to the refractive index change
rather than to an increase in absorption. This suggests
that moderate intracavity linear absorption could suffi-
ciently decrease the limiting threshold. Such absorption
should be low enough to not significantly reduce the ini-
tial resonant transmission of the cavity.
At the resonant wavelength, linear transmittance of a
Fabry–Perot cavity in the presence of intracavity linear
absorption
T =
(1−R1)(1−R2)
(1− T1
√
R1R2)
T1, (6)
where R1, R2 are reflectances of the mirrors, T1 is single-
pass transmittance of the intracavity layer. The trans-
mittance reduction related to such linear absorption can
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Figure 6. Nonlinear transmittance behaviour of the GaAs/AlAs microcavity under pulsed laser radiation. The laser spot
area is ∼ 10−3 cm2. (a) Resonant line of transmission at different values of incident pulse energy. (b) Optical limiting at
the resonant wavelength (black circles) along with the dependence of peak transmittance on pulse energy (red triangles). The
peak transmittance dependence was retrieved from the same data that were used for plotting (a), while the optical limiting
characteristic was obtained from a separate measurement performed at the fixed wavelength λ0 = 1116.8 nm.
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Figure 7. Calculated relative transmittance of the GaAs/AlAs
heterostructure as a function of single-pass transmittance T1
of the intracavity layer.
be expressed as
T
T0
= T1
(
1−√R1R2
1− T1
√
R1R2
)2
, (7)
where T0 is the cavity transmittance at T1 = 1.
For the given heterostructure R1 = 0.986, R2 = 0.950.
The dependence of T/T0 on T1 in accordance with (7) is
plotted in Fig. 7.
As one can see from the plot, at T1 = 0.998 relative
transmittance reduction is about 10% (T ' 0.9T0) which
is probably acceptable for practical purposes. The linear
absorption index, corresponding to this value of T1, is
α =
(1− T1)
d
= 131 cm−1, (8)
where d = 152.4 nm is the intracavity layer thickness.
This value of α is four orders of magnitude higher than
the value of βI/2 ((5)), which means, according to (3),
that such intracavity absorption would give a four orders
of magnitude higher rate of free carrier generation at the
given value of Ipeak. Or, on the other hand, it would give
the same rate at a four orders of magnitude lower value of
Ipeak, which would lead to a proportional reduction of the
limiting threshold. Such a huge reduction of the limiting
threshold at the expense of several percent of linear ab-
sorption loss shows great promise. Presumably, a desired
amount of absorption could be achieved by adding some
impurities or implementing a narrow but highly absorb-
ing quantum well within the intracavity semiconductor
layer. This question requires a further detailed examina-
tion.
It was shown theoretically in [25] that even a cavity
with a saturable absorber may exhibit slight optical lim-
iting owing to a refractive index change and a correspond-
ing spectral shift.
IV. CONCLUSION
A 52-layer GaAs/AlAs heterostructure, forming a
Fabry–Perot microcavity with a resonance at 1.1 µm,
was grown on a GaAs substrate by molecular-beam epi-
taxy. Good agreement in extrema positions between the
measured and the calculated spectra was obtained, which
verifies the composition (Fig. 2).
By using an optical parametric oscillator, a blue spec-
tral shift of the transparency line under pulsed laser ra-
diation was clearly observed (Fig. 6a). An important
finding is that, under nanosecond pulses, optical limit-
ing in the GaAs/AlAs microcavity is mainly related to
the intracavity refractive index change rather than to in-
6tracavity nonlinear absorption itself. At the same time,
the refractive index change is induced by the nonlinear
absorption.
An exceptionally low limiting threshold (for nanosec-
ond pulses) of ∼ 10−3 J/cm2 was registered (Fig. 6b).
However, the achieved transmittance reduction was only
about 4 times when the incident pulse energy was upper-
bounded by radiation resistance of the sample.
Given the key role of photo-induced change in re-
fractive index, it was suggested that implementing lin-
ear intracavity absorption for the sake of efficient free-
carrier generation would sufficiently decrease the limiting
threshold. As a first approximation, for the given het-
erostructure it was estimated that linear intracavity ab-
sorption at a level of 102 cm−1 would decrease the limit-
ing threshold by four orders of magnitude at the expense
of relative linear transmittance reduction by∼ 10%. This
opens up promising opportunities for further research.
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